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Abstract: We present a novel method of machining optical fiber surfaces 
with a CO 2 laser for use in Fiber-based Fabry-Perot Cavities (FFPCs). 
Previously FFPCs were prone to large birefringence and limited to relatively 
short cavity lengths (< 200 /im). These characteristics hinder their use in 
some applications such as cavity quantum electrodynamics with trapped 
ions. We optimized the laser machining process to produce large, uniform 
surface structures. This enables the cavities to achieve high finesse even 
for long cavity lengths. By rotating the fibers around their axis during the 
laser machining process the asymmetry resulting from the laser’s transverse 
mode profile is eliminated. Consequently we are able to fabricate fiber 
mirrors with a high degree of rotational symmetry, leading to remarkably 
low birefringence. Through measurements of the cavity finesse over a 
range of cavity lengths and the polarization dependence of the cavity 
linewidth, we confirmed the quality of the produced fiber mirrors for use in 
low-birefringence FFPCs. 
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1. Introduction 

Cavity quantum electrodynamics (cQED) has developed from a research topic of purely fun¬ 
damental interest to a versatile tool in quantum information processing [1]. In order to obtain 
strong coupling between atomic particles and a cavity, and to create compact systems, several 
implementations of micro-cavities have been pursued [2-6]. Among these fiber-based Fabry- 
Perot cavities (FFPC) are attracting increasing attention. By employing CO 2 laser machining 
to form a concave surface on the fiber facet, low roughness and small radii of curvature can be 
achieved. Cavity finesses in excess of 100,000 have been demonstrated [7]. Due to their quality 
and compactness, FFPCs are employed in a wide range of experiments [8-10]. 

In previous studies [4,7,11] fibers were machined through single-shot laser ablation with 
a CO 2 laser. Due to the imperfect laser beam profile and the highly non-linear dependence 
of the ablation process on the local laser intensity, the resulting concave surfaces tended to 
be elliptical. As a result, the cavity often exhibited birefringence [7] which hampers their use 
in applications where superpositions of light polarizations are exploited [12,13]. Employing 
focused single-shot laser ablation usually results in concave fiber surfaces with small radii of 
curvature and small indentation depths. This in turn limits the lengths of the cavities due to 
clipping losses at the edge of the indentation. Even though in many applications short cavities 
are advantageous, in some cases cavities with a length of several hundreds of fim are required. 
Among these applications is the coupling of atomic ions to a fiber cavity [9]. Due to the strong 
disturbance of the trapping electric potential by the presence of the fibers, trapping of ions in 
the close vicinity of a fiber mirror is challenging and hence relatively long cavity lengths are 
desirable. 

In this paper we report a novel method to fabricate FFPCs through CO 2 laser machining 
which leads to small birefringence and supports cavity lengths of several hundreds of /im. We 
apply up to 100 laser pulses per fiber each with a large focus between 90 to 120 jim beam 



waist. Note that in this paper, beam waist refers to the radius of the Gaussian TEMoo mode at 
which the field amplitude drops to 1 /e of its maximum. While a single laser pulse has only 
a minor effect on the surface shape, the cumulative effect resulting after applying multiple 
laser pulses allows for precise tuning of relevant surface parameters such as radius of curvature 
and the diameter of the indentation by adjusting the number of pulses employed. Additionally, 
rotation of the fiber between laser pulses was introduced in order to reduce the ellipticity of 
the machined surface. The resultant ellipticity of the mirror surfaces are very small, producing 
cavities with a birefringence below our measurement sensitivity. 

We have produced and tested fiber mirrors with a range of radii of curvature from 100 gm 
to 700 gm. All the fiber cavities that we produced show a finesse of 40,000 - 60,000 which is 
stable over a large range of cavity length. 

In Section 2, we describe the optical set-up, the process of laser machining and the charac¬ 
terization of the shape of the fiber end facets. The characterization of the FFPCs is discussed in 
Section 3. 

2. Laser machining of fiber facets 

2.7. Optical setup 

To shape the end facet of an optical fiber by thermal ablation, we employ a CO 2 laser (S YNRAD 
48-1 water-cooled) in quasi-continuous wave operation [11]. A schematic of the optical setup 
is shown in Fig. 1(a). A combination of a polarization dependent mirror (PDM; II-VI Infrared 
absorbing thin-film reflector) and quarter-wave retarder (QWR; II-VI Infrared Cu reflective 
phase retarder) work together as an optical isolator to protect the laser. Any back-scattered 
laser light after the QWR is absorbed by the PDM. Lens LI focuses the laser onto a mechanical 
shutter which controls the duration of a machining pulse. The rise and fall time of the shutter is 
approximately 1 ms. A second lens, L2, forms a telescopic setup with LI and is mounted on a 
linear stage to adjust the expansion of the beam. A third lens, L3, is placed in the laser path to 
focus the beam onto the fiber tip. 



Fig. 1. (a) A schematic of the optical setup for CO 2 laser machining. The red line represents 
the laser trajectory for an open shutter, when closed it is reflected into the beam dumper. The 
polarization dependent mirror (PDM) reflects vertically polarized light whereas it absorbs 
horizontally polarized light. The quarter wave retarder (QWR) acts like a quarter wave 
plate, rotating the incoming vertical polarization into a circular polarization, (b) A close-up 
view of the machining setup. MO = microscope objective, RP = reference plate (see Section 
2.3), FR = fiber rotator and MKB = magnetically coupled kinematic base. 

This final lens is mounted using a magnetically coupled kinematic base (Thorlabs KB 1X1), 
allowing routine interchangeability with other optics without disturbing the beam alignment. 










































A vertically mounted microscope is employed to analyze the fiber surface. Replacing the mag¬ 
netically mounted lens with a 45-degree angled mirror enables basic optical inspection, and a 
beam splitter cube facilitates a more detailed view by white light interferometry, discussed in 
section 2.3. In this way it is possible to assess the quality of the machined surface in situ and 
continue with laser machining until the desired surface parameters are reached. 

The fiber is clamped in a v-groove which in turn is part of a fiber rotation stage (Newport 
466A-717). The rotation angle is controlled by a stepper motor to provide reproducible rotation 
steps without significantly influencing the fiber alignment. In order to align the position of the 
mounted fiber with the laser beam, the rotation stage is mounted on a 3-axis linear translation 
stage. Due to imperfection in matching the two axes of the fiber rotor and laser beam, the fiber 
precesses around the beam by a small amount as it is rotated. This precession can be reduced to 
a radius of ~10 gm by careful alignment but it still has a non-negligible impact on the surface 
symmetry. Therefore we realigned the fibers with the microscope after every rotation. 

2.2. Laser machining 

To machine a fiber, the laser is pulsed using the mechanical shutter, exposing the fiber tip to the 
circularly polarized laser for a certain amount of time at each shot. Typical pulses are between 
50-80 ms in duration. Laser parameters such as intensity, beam waist and the duration of the 
pulse all contribute to the thermal ablation process. We have chosen these parameters such that 
each single pulse has a moderate impact on the fiber surface. This allows us to iteratively refine 
the surface shape of the fiber. The surface quality and overall symmetry is further enhanced by 
rotating the fiber by a certain angle (e.g. 45°) after every few pulses, eliminating effects from 
the laser beam’s asymmetry. Figure 2 shows how these techniques have a large impact on the 
outcome surface structure, with the left image depicting a fiber surface machined with rotation. 


(a) (b) 



Fig. 2. Comparison of fiber machining techniques. Optical images of the facets of machined 
MM-fibers are shown. The edges of the facets are rounded off by the laser shots and they 
appear to be black rims in the images, (a) Produced by 42 laser pulses at 1.43 W, with a 
beam waist of 93 gm and duration of 80 ms. The fiber is rotated over uniformly distributed 
angles, (b) Produced with the same settings as (a) but without rotation. 

We have machined multimode (MM) and single-mode (SM) optical fibers manufactured for 
infrared wavelengths (Oxford Electronics HPSIR 200CB and IVG fiber Cu800-200). Their core 
and cladding diameters are 200 and 214 gm respectively for the MM fibers and 6 and 200 /u m 
for the SM fibers. All the fibers are coated with a copper layer of 34 gtm (MM) or 25 gim (SM). 
In addition to fibers with curved surfaces, we have produced fibers with flat surfaces. In order 
to clean and smooth the flat surface after cleaving, we apply a few (3-10) pulses with a large 
beam waist of ^120 gm . 


2.3. Surface analysis by interferogram 

We use white light interferometry to measure the curvature of a machined fiber with respect 
to a flat reference plate. For this we employ the magnetic mount described in Section 2.1. We 
place a beam splitter cube on the magnetic mount, and introduce the white light from a halogen 
lamp along the same direction as the laser by inserting an extra mirror on the beam path while 
blocking the laser (see Fig.3). The white light produces an interference pattern visible through 
the microscope corresponding to the topography of the fiber surface; an example is shown 
in Fig.4(b). A MATLAB program analyzes the interference fringes and reconstructs the 3- 
dimensional shape of the surface structure (Fig.4(c)). 

The central region of the indentation is well approximated by a Gaussian profile as shown in 
Fig.4(c). This is in contrast with the results presented in [11] where it is claimed that a global 
deformation leads to a non-Gaussian profile. The diameter of the depression defined by the 
full width at 1/e of the Gaussian fit is 137/im which is 1.2 and 3 times larger than the figures 
reported in [7] and [4] respectively. Furthermore, thanks to the rotation of the fiber during 
machining the surface depression shows excellent symmetry around the center. The measured 
ellipticity is less than 2% in Fig.4. 
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Fig. 3. Interferometry setup for the detailed inspection of a machined fiber. The reference 
plate has a similar reflection coefficient as the fiber tip for a good fringe contrast in white 
light interferometry. Furthermore it is mounted on a mirror mount in order to align its 
orientation with respect to the fiber facet. 


3. Characterization of the FFPCs 

After laser machining, the fiber surfaces were coated with state-of-the-art high reflective coat¬ 
ings by AT-Films [14]. The coatings are designed to have the maximum reflectivity at 866 nm 
with approximately 30 ppm transmission. 

To form a Fabry-Perot cavity two fibers are mounted and aligned face-to-face as shown 
in Fig.5(a). A laser with a wavelength of 866 nm is sent through one of the fibers and the 
transmission of the cavity is measured by observing the emission from the other fiber with a 
photo detector. Figure 5(b) shows the transmission signal while the cavity length is scanned 
over a resonance. The laser is modulated at a known radio frequency so that the transmission 
profile exhibits side-bands to serve as a frequency reference (Fig.5(b)). 

The quality of an optical cavity is characterized by its finesse, given by 
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Fig. 4. (a) An optical image of a concave fiber facet, (b) Interference image of the same 
fiber using white light interferometry. Here only the red layer of the color image is extracted 
and presented in gray scale, (c) A reconstructed cross section of the curved fiber obtained 
from the interference image in (b). The blue curve is the experimentally reconstructed fiber 
surface. The red dashed curve is a fit with the Gaussian function. The black dashed curve 
is a circle having the same local radius of curvature (457 gm) at the center. 


where L c is the cavity length, A is the full frequency width at half maximum of the cavity 
resonance and c is the speed of light. Another expression of the cavity finesse can be derived in 
terms of the total transmissivity of the cavity mirrors S? and sum of absorbing and scattering 
losses in the cavity f£\ 


= 


271 


( 2 ) 


The cavity length L c is visually measured with a calibrated microscope (see Fig.5(a)) and 
A is obtained by fitting a Lorentzian function to the scan profile (Fig.5(b)). Using Eq. (1), the 
cavity finesse can be calculated from these two measurements. 


3.1. Impact of cavity length on finesse 

The dependence of the cavity finesse on the cavity length is of great interest, especially when a 
relatively long cavity length is required. To date, only a few measurements have been made in¬ 
vestigating this dependence [4,7]. In [4], finesses for short cavities (L c <100 gm) were reported 
and observed to drop sharply at a certain length. The authors showed that this behavior can be 
explained by the clipping loss model. On the other hand, in [7] the finesse declines gradually as 
the cavity length increases in contrast to the results in [4] . This behaviour is inconsistent with 
the clipping loss model and the cause of the drop was unknown. 
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Fig. 5. (a) Microscope photo of a fiber cavity, (b) Transmission signal as the fiber cavity is 
scanned over resonance. The x-axis is calibrated to a detuned frequency with respect to the 
center of resonance by using the side band peaks at ±79 MHz. 


We performed a series of finesse measurements with fiber pairs consisting of MM and SM 
fibers. We have observed two distinct behaviors depending on the types of fibers used to form 
the cavities. Specifically cavities formed of pairs of MM fibers behave differently from those 
using the combinations of SM-MM or SM-SM fibers. 

Figure 6(a) shows the finesses for the MM-MM FFPCs. The solid curves are fits based on 
the clipping loss model. The model assumes that upon each reflection the laser beam intensity 
outside some finite radius r c ii p on the mirror surface is lost, causing a fractional loss given by 


^Clip = 1 - 


/q c1ip I(r)rdr 

Io I ( r ) rdr 


= exp(—2r 2 lip /w 2 ), 


( 3 ) 

( 4 ) 


where I(r) is the intensity distribution of the cavity mode on the mirror as a function of the 
radial distance r and w is the mode waist on the mirror. Note that the mode waist w is a function 
of the radius of curvature of the cavity mirrors R c and the cavity length L c . From Eq. (3) to 
Eq. (4) we assumed that the cavity mode follows the Gaussian TEMoo profile for spherical 
mirror cavities. Although the actual surface shapes of the fiber mirrors may not be spherical, it 
is a good approximation for small radii. In this model, using Eq. (2) the cavity finesse is 


2n 

^ + J%* + JSV ' 

where ^f res are constant residual losses such as absorption and scattering in the coating and 
the clipping losses JS? c iip are dependent on the mode diameter at the mirror surface. All the 
measurements in Fig.6(a) are in good agreement with the fitted curves, proving the validity of 
the clipping loss model in this case. The large error bars of the finesse data points are mainly 
due to the fact that the resonance peaks are subject to fluctuations as the input light travels 
through a MM fiber. From the fitted parameters all the cavities have a residual constant loss 
of about 35 ppm per mirror. These rather high residual losses may be significantly reduced by 
annealing the fibers [7]. 

The curve fits also provide us with estimations for R c and r c n p . They are R c = 369 ±10 
jum and r c ii p = 32.8 ±1.2 jum for cavity a and R c = 446 ±11 jum and r c ii p = 36.8 ±1.3 
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Fig. 6. (a) Finesse vs cavity length for 3 different MM-MM FFPCs. The error bars represent 
the statistical standard deviations of the measurements. The solid curves are least-square 
fits based on Eq. (5) of the clipping loss model, (b) Finesse vs cavity length for cavities 
where at least one of mirrors is of SM type. The dashed curves are fits based on the clip¬ 
ping loss model. However here they are poorly fitted to the data. The fitted parameters are 
unrealistic and have large errors. For example, R c = 1765 ± 3645 /im for cavity d. There¬ 
fore here they are shown only as eye guides, (c) Table of cavity parameters. R c \ and R c 2 are 
the radii of curvature of the composing mirrors at their surface centers obtained from the in¬ 
terferometry. 00 indicates a flat surface. The measurement error is independently estimated 
to be 5% by repeating interferometry with a same curved fiber surface. 


jum for cavity b. These estimations for R c values differ from the interferometry results by 
100-200 /im (see Fig.6(c)). The discrepancy gets even larger for cavity c where the fit gives 
R c = 308 ±6.1 /im when the cavity is modeled as being symmetrical with curved mirrors on 
both sides [15]. These may be partially explained by improving our simple clipping loss model 
to explicitly incorporate diffraction losses adapted to the detailed geometry of the cavity mir¬ 
rors [16]. Another possible source of the discrepancies is a misalignment of the fibers [17]. 
Finesse measurements are very sensitive to the relative orientations of the two fibers, particu¬ 
larly when the cavity length gets long, and we note that such misalignments of the fiber axes 
could cause an additional diffraction loss to reduce the finesse. 

In Fig.6(b) finesses for cavities including at least one SM fiber are shown. Here the finesses 
exhibit gradual decays rather than sharp drops as in Fig.6(a). The decays start sooner than those 
in Fig.6(a) even though the cavity parameters are similar for the two cases. The trend suggests 
this is due to the introduction of the SM fibers. Furthermore, the data does not fit well with the 
clipping loss model (See caption of Fig.6). 































Fig. 7. (a) Interferogram of a single mode fiber. A protruding core ridge at the center is 
visible after the first few laser pulses. The pattern spreading from the lower left edge is due 
to a small deformation caused by the cleaving process, (b) AFM image near the center of 
the fiber. The ridge is visible on the right, (c) AFM image of the fiber after an attempt to 
remove the core ridge with further laser pulses. Here the ridge is almost totally removed. 
Shown in the upper right is a vertical cross section along the y-axis at x = 20 /rm . At the 
bottom a slightly raised section can be seen, indicating a residual of the ridge. 


3.2. Formation of a ridge-like structure in machining of SM fibers 

The MM fibers have a large diameter core which occupies almost the entire mirror surface, and 
are ablated uniformly during machining. However the SM fibers have a small diameter core, 
and most of the mirror surface is formed by the fiber cladding. The interface between cladding 
and core in a SM fiber leads to a ridge-like formation when ablated (See Fig.7(a)). This may 
be due to the difference in the thermal properties between the core and cladding materials. 
Normally multiple long duration laser pulses can remove the core as far as the interferogram 
can resolve. However this will also produce some additional curvature of the surface which is 
not always desirable, especially when a flat surface is intended. We found specific machining 
parameters for core removal while maintaining a flat surface. To remove the core, we focused 
the beam to a spot with waist of 137 gm and used 3-5 pulses with an average pulse length of 
56 ms at 2.0 W. 

In order to further confirm the removal of the ridge, we made use of a Burleigh Aris 300 
personal Atomic Force Microscope (AFM). This process is much slower than the optical in¬ 
terference method, but offers a more precise picture of the surface; the optical measurement is 
limited by a fraction of the wavelength of the light, while the AFM depth resolution is limited 
only by technical noise and our model can resolve depths of 5 nm. A ring-like ridge is clearly 
visible around the core of the SM fiber in Fig.7(b). On the other hand in Fig.7(c) it can be 
seen that the ridge is largely removed after applying further laser pulses. However a closer look 
reveals a possible residual of the ridge in the shape of the bottom surface as shown in the inset 
cross section in Fig.7(c). 

In this way, although we removed the ridges to the level where they are invisible with the 
microscope, there are still small residual deformations which may cause measurable degrada¬ 
tions of the cavity finesse. For instance, a raised section seen in Fig.7(c) may contribute to a 
defocusing of the cavity mode as the mode adapts the surface profile and hence to an additional 
diffraction loss. It could be also the case that a small structure from the ridge which is not fully 
smoothed by the laser machining but cannot be resolved by the AFM is causing a scattering 
loss. Even roughness in the sub-nm scale can produce a significant finesse drop in high-finesse 
cavities [18]. Therefore we suspect that the strong decays in the finesses of the SM-fiber cavi¬ 
ties are caused by the remaining ridges created in the machining process. This is supported by 










the observation that cavity / in Fig.6(b), which has SM fibers for both mirrors, most rapidly 
decreases in finesse. 

A straight-forward solution for this issue might be splicing a very short piece of MM-fiber on 
top of a SM-fiber. Since MM-fibers have a large core diameter (^200 fim ), a ridge formation, 
if any, only happens outside the region of interest around the center. At the same time, by 
keeping the section of MM-fiber short enough, the presence of the MM-fiber section would 
have a negligible impact on the coupling between the cavity mode and the fiber-guided mode. 
Besides, unwanted reflections at the splicing interface and a cavity effect inside the MM-fiber 
section can be avoided by matching the refractive indices of the SM and MM fibers. 

3.3. Birefringence 

In some cQED applications where the photon polarization degree of freedom serves as a qubit, 
it is highly desirable to have a degenerate resonance frequency for two orthogonal polarization 
modes in the cavity [19]. This is usually satisfied when one uses an optical cavity consisting of 
macroscopic mirrors [13,20]. However in FFPCs a significant birefringence, typically leading 
to a splitting of resonance peaks by a few hundred MHz to a few GHz, has been reported in 
both references [4] and [7] . In a recent paper, Uphoff et. al. have shown that the elliptic profiles 
of the mirror surfaces are actually the dominant cause of birefringence in FFPCs [21]. 
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Fig. 8. (a) Polarization dependence of the line width (FWHM) of the fundamental mode in 
cavity d. The error bars represent one statistical standard deviation, (b) A typical transmis¬ 
sion profile of cavity d when its length is scanned over time. FSR indicates a change of the 
cavity length corresponding to one free spectral range, (c), (d) Close-up views of the scan 
profile for the fundamental and the next higher mode respectively as indicated in (b). 

We measured the dependence of a cavity linewidth on the input polarization using the fun¬ 
damental transverse mode of cavity d used in Fig.6. The cavity length was set to 270 gm . 
Since the TEM modes inside the cavity are not preserved in the output fiber, we cannot explic¬ 
itly examine the field distributions of different transverse modes in the cavity. However due to 


























the configuration of cavity d to have a SM-fiber with a flat surface mirror on the input side, 
the mode matching between the input mode and the cavity’s TEMoo mode is expected to be 
dominant. Hence it is reasonable to assume that the largest peak in the scan in Fig.8(b) corre¬ 
sponds to the fundamental TEMoo mode. The input light is linearly polarized and rotated with 
a half wave plate before being coupled into the input SM fiber. The cavity linewidth shows 
little dependence on the polarization of the input light and measured values coincide within the 
error bars, as shown in Fig.8(a). Also there is no visible splitting of the resonance peaks, which 
would otherwise manifest birefringence, in the cavity’s fundamental mode as well as the higher 
order modes (see Fig.8(c) and Fig.8(d)). 

To obtain an upper limit for the variation of the cavity linewidth due to the input polarization, 
we take the difference between the highest and lowest points within the error bars in Fig.8(a). 
This corresponds to a change of the linewidth of 1.16 MHz, with the mean value being 13.0 
MHz. In order to reproduce this change of the linewidth solely by a splitting of the polarization 
modes, the splitting in frequency needs to be 3.84 MHz. This was determined by fitting a single 
Forentzian function to a simulated double-peaked Forentzian profile with a given peak separa¬ 
tion. Note that this value is an overestimation of the birefringence as the errors in Fig.8(a) also 
include the technical and statistical noise in the measurements. In [21] the frequency splitting 
of the orthogonal polarization modes in an elliptic mirror cavity is given by 


Avfsr R\ —Ri 
(2tt) 2 R x R 2 


( 6 ) 


where Vfsr is the free spectral range in frequency and R\ and R 2 are the radii of curvature along 
the principal axes of the elliptic paraboloidal shape of the surface. Using the mirror parameters 
of cavity d we get Av = 2.36 MHz which is close to the aforementioned value and well below 
the cavity linewidth. 

These results distinguish themselves from those in [4,7] and demonstrate that our FFPCs are 
readily usable for many applications of cQED where coherent mapping of light polarizations 
into and out of an atomic degree of freedom is required [19,20]. 


4. Conclusion 

We have established a novel method to laser-machine the surfaces of optical fiber facets using 
multiple laser pulses and fiber rotation. This method allows for the production of a highly 
symmetric and uniform structure on a fiber surface across a region larger than 100 gm in 
diameter. 

We characterized the length and polarization dependence of the cavity finesse for these FF¬ 
PCs. We found that the cavities formed by the MM fibers showed a constant cavity finesse over 
a wide range of cavity lengths of up to several hundreds of gm and are qualitatively consistent 
with the clipping loss model. On the other hand the cavities using a SM fiber exhibited a gradual 
decline in finesse starting at a shorter cavity length. This premature decay might originate from 
a small ridge structure around the fiber core created during the machining process. Nevertheless 
their finesses were stable up to a cavity length of 200 gm. Furthermore, our FFPCs showed an 
excellent polarization characteristic, with no measurable birefringence. 

These results demonstrate that our FFPCs can be readily utilized in future cQED experiments 
requiring micro-resonators. Our birefringence-free FFPCs are suitable over a wide range of 
cavity lengths, which benefit long cavity requirement applications such as ion-trap cQED, and 
when degenerate polarization modes are essential. 
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